In this paper, a section of the Vuka River from its confluence with the Danube River in Vukovar to 3 + 630 rkm was modeled. The possibility and size of floods in the surrounding area were analyzed for different return periods (2, 5, 10, 50, and 100 yrs). Although the high-water levels of the Danube River are lower than the terrain elevation of Vukovar, they cause backwater in the Vuka River and in its tributary, the Bobotski canal. In that indirect way, the surrounding area is endangered and the efficiency of drainage systems is reduced. The existing riverbed of the analyzed Vuka River section was digitalized based on a digital terrain model using the geographic information system (GIS) software ArcGIS and the HEC-GeoRAS toolbar. A mathematical model of the steady-state flow of the Vuka river section using the digitized riverbed was executed in the HEC-RAS software using different return periods. The obtained velocities and water levels were analyzed using HEC-RAS, and the sizes of the flooded areas were calculated and observed in ArcGIS.
INTRODUCTION
The Vuka River emerges from the north-eastern part of Krdnija near the village of Paučje from the foothills of mount Borovik. Its 112 km length extends throughout the lowland terrain in the north-western part of Slavonia and Srijem. The Vuka River has two parts: an upper section with greater longitudinal decline, and a lower section with very small decline. As a result, numeorus meanders have formed in the lower part. The Vuka River flows into the Danube River at Vukovar. The size of the catchment area of the Vuka River is 1759 km 2 . It is covered with a dense network of surface drainage canals and a series of mountain streams from the slopes of Krndija [1, 2] . The altitudes of the lowest part of the catchment area, formerly called the Palača swamp, do not exceed an elevation of 80 ma.s.l. The size of this part is 200 km 2 , and throughout history, it has often flooded. It used to be a lake, but it was drained by a surface drainage system whose construction began in 1830. Even today, many depressions can be found in this area. The surface drainage is performed mechanically with pump stations [2, 3] .
Floods in this area are dependent on the hydrological regime of the Vuka River and on the high-water levels of the Danube and Drava Rivers. Although the high-water levels of the Danube River are lower than the terrain elevation of Vukovar, they cause backwater in the Vuka River and in its tributary, the Bobotski canal. In consequence, the surrounding area is endangered and the efficiency of drainage systems is reduced. Until regulation works in the 20 th century, the confluence of the Vuka River was upstream of flow in the Danube River, which also caused backwater. Today, the confluence is regulated and is perpendicular to the flow. Part of the old confluence was transformed into a river port [1, 2] .
This area has experienced numerous floods, one of the first of which to be recorded was in 1870. The magnitude of the flood was described very vividly, with apparently only the tops of the trees visible above the water. In 1965, one of the biggest floods affected this area. Even today, because of the high water levels of the Danube River and the backwater in the Vuka River, Vukovar and its surrounding area are often subjected to floods, such as those in 2006 and 2010 [4] .
In order to obtain a detailed insight into the frequency and magnitude of floods that occur in this area, a mathematical model of the downstream part of the Vuka River and its confluence was constructed.
ANALYSIS OF INPUT DATA
The analyzed section of the Vuka River is from its confluence with the Danube River to 3 + 630 rkm. The downstream section passes through Vukovar (Figure 1 ). The right bank was formed by filling materials, whereas the left one is in naturally high terrain. The upstream part of analyzed section passes through a wide valley of the Vuka River where eutrophication takes place. There are four pedestrian bridges, two road bridges, and one railway bridge on this section of the Vuka River. None of these bridges has supports within the riverbed, and thus, there is no resistance to the water flow. A digital model of the Vuka River in the "dem" format that contains terrain altitude was used. The river axis, banks, and cross sections for every 50 m were obtained by model processing in ArcGis using the Hec-GeoRas toolbar [6] (Figure 2 ).
Figure 2 -Geometry of the Vuka River
In order to define Manning roughness coefficients for the riverbed and inundation areas, the digital database Corine Land Cover (CLC) was used. This contains land covers for the entire country, is in accordance with the database for the whole of Europe, and contains data from 1980 to 2012. There are three levels of CLC classification. The first level includes five general land-cover categories, which are divided in 15 subcategories that form the second level; the third level has a total of 44 classes of land cover [7, 8] . By overlapping the analyzed area with the CLC database ( Figure 3 ), a matching Manning roughness was defined for each land-cover type and its code.
Figure 3 -Overlapping of digital terrain model and CLC database
All components of the Vuka River section were imported into the HEC-RAS computer software [9] , with which the hydraulic analysis of the steady-state flow was performed. Before doing so, it was necessary to define the relevant discharges and water levels. These were obtained using the Log-Pearson Type III distribution, as recommended for flood frequency analysis by the U.S. Water Resources Council [10] [11] [12] . The main advantage of this method is its successful application to relatively short time series in order to obtain floods for much longer return periods. The calculation is based on the following equation [13, 14] :
where the variables are defined as follows: The discharges defined using the Log-Pearson Type III distribution for different return periods are listed in Table 1 . For the calculation, the discharges measured on the Vuka River between 2005 and 2011 (34 records) at gauging station Tordinci were used. This station is situated upstream from analyzed section, but it is the closest one. For comprehensive hydraulic analysis longer time series should be used, but there are no older records for this station. Also, calibration is needed for more detailed analysis, so this model provides insight into flood occurrence on analyzed area. Discharges were calculated for return periods of 2, 5, 10, 25, 50, and 100 yrs. In the same manner, the water levels for the same return periods were calculated (Table 2 ). Analyzed section of Vuka River is under direct influence of Danube River backwater so for this calculation, the water levels observed on the Danube River in Vukovar between 2005 and 2010 were used. Because of this direct influence and dominant Danube River, coincidence between two rivers was not analyzed. 
RESULTS
The results of the hydraulic analysis (e.g., water levels, velocities, and Froude number) can be observed directly in the HEC-RAS software on the longitudinal profile and in cross section. Tables and graphs can be used as well. Analysis of the flooded areas was performed using ArcGis and the HEC-GeoRAS toolbar. The hydraulic model was imported from HEC-RAS into the geographic information system (GIS) software and was overlapped with a map of the analyzed area. All results are shown according to different return periods. Figure 4 presents a longitudinal profile of the analyzed section of the Vuka River, and Figure 5 shows a velocity distribution along the longitudinal profile. The maximum velocities correspond to the highest return period and occur 500 m upstream from the confluence. The minimum velocities occur along the section of natural floodplain (1+500 to 2+500 rkm).
Figure 4 Longitudinal section of the Vuka River and water levels corresponding to different return periods

Figure 5 Distribution of velocities in the longitudinal profile of the Vuka River for different return periods
The results obtained from the hydraulic analysis for the cross section that is closest to the confluence with the Danube River are considered. The water levels for different return periods are shown in Figure 6 . The velocities, flow areas, top width, and other parameters obtained from the hydraulic simulation are listed in Table 3 . 
Figure 6 Cross section of the Vuka River near confluence, with specified water levels for different return periods
The range of velocities occurring on the analyzed cross section is 0.035-0.768 m/s. According to the distribution of velocities along the longitudinal profile shown in Figure 5 , some values are higher, even up to 2 m/s for the 100 yr return period. Considering the fact that the Froude number is less than 1, the flow for every analyzed return period is subcritical. The parameter that increases significantly is the size of the flow area because of the longer return period. Three-dimensional models of the riverbed with water levels obtained in HEC-RAS are shown in Figure 7 for every analyzed return period. As the return period increases, so does the volume of water in the riverbed and in the inundation areas. In order to analyze the flooded areas due to the occurrence of high water levels for different return periods, the hydraulic model of steady-state flow was imported into the ArcGIS software, where the size of the flooded area was calculated for every return period. Figure 8 shows the results obtained for two maximum return periods (50 and 100 yrs). The sizes of the flooded area for every return period are listed in Table 4 . The range of area affected by flooding is 0.0563-0.3686 km 2 . The analyzed flooded areas were assessed on flood hazard maps that are based on the probability of flood occurrence. The maps were made as part of the plan for flood risk management in accordance with Articles 111 and 112 of the Water Act, and can be found on the web pages of the Croatian Waters institution [15] . According to those maps, the area of the Vuka River near confluence is characterized as an area with medium (light blue) and high (dark blue) probability of flood occurrence (Figure 9 ). The sections of the Vuka River where the biggest floods occur according to the obtained hydraulic model results correspond with those map segments marked as areas with a high probability of flood occurrence.
Figure 9
Flood hazard maps: a) medium-occurrence probability; b) high-occurrence probability [15] 
CONCLUSION
The confluence of the Vuka River with the Danube River is situated in Vukovar. Throughout history, numerous large-scale floods have occurred in this area. The leading cause of flood episodes is high water levels in the Danube River, which cause backwater in the Vuka River. Hence, flooding in this area is due to an interaction between two watercourses. The area of Vukovar that is endangered by floods is not populated because it is a natural floodplain and part of the city's flood protection system.
Because of the frequent floods, a hydraulic model was constructed based on a digital model of the riverbed and the surrounding terrain. Discharges of the Vuka River and water levels of the Danube River were calculated for different return periods and were incorporated into the model. The results obtained were analyzed in the GIS software ArcGIS. Calulation of the size of the flooded areas showed a significant increase for higher return periods. The sections in which the biggest water flooding occurs are within segments without regulation works that are situated in a wide river valley. Because of water logging and loss of the riverbed form, large-scale floods occur on this section. The results obtained from this model and analysis are in accordance with flood hazard maps issued by the Croatian Waters institution that were created as a large-scale model. In the small-scale model obtained with this analysis, the sections where minor flooding occurs correspond to areas on the map with medium probability of flood occurrence. The areas on the map with a high probability of flood occurrence correspond to the sections in the model where large-scale flooding occurs. Even though obtained results are in accordance with large-scale analysis, for comprehensive and more detailed hydraulic analysis longer time series, analysis of coincidence and model calibration are needed.
